A developed formalism 1 for analyzing the power scaling of diffraction limited fiber lasers and amplifiers is applied to a wider range of materials. Limits considered include thermal rupture, thermal lensing, melting of the core, stimulated Raman scattering, stimulated Brillouin scattering, optical damage, bend induced limits on core diameter and limits to coupling of pump diode light into the fiber. For conventional fiber lasers based upon silica, the single aperture, diffraction limited power limit was found to be 36.6kW. This is a hard upper limit that results from an interaction of the stimulated Raman scattering with thermal lensing. This result is dependent only upon physical constants of the material and is independent of the core diameter or fiber length. Other materials will have different results both in terms of ultimate power out and which of the many limits is the determining factor in the results. Materials considered include silica doped with Tm and Er, YAG and YAG based ceramics and Yb doped phosphate glass. Pros and cons of the various materials and their current state of development will be assessed. In particular the impact of excess background loss on laser efficiency is discussed.
INTRODUCTION
In recent years, fiber lasers have increased dramatically in output power 2, 3, 4 . Last year these devices reached the significant milestone of 10kW in a diffraction limited beam from a single aperture 5 . Kilowatt level fiber lasers have largely been limited to fiber lasers based upon ytterbium doped silica fibers. However, a 1kW thulium doped fiber laser was reported this year 6 and resonantly pumped erbium has been suggested as a plausible candidate for kilowatt level fiber lasers 7 . Further, other materials such as phosphate glass 8 and even YAG 9, 10 have been proposed as a material for fiber lasers.
In previous work 1 we developed a formalism for assessing the scalability of fiber lasers and amplifiers to high average power. Physical limits including thermal rupture, thermal lensing, melting of the core, stimulated Raman scattering, stimulated Brillouin scattering, optical damage, bend induced limits on core diameter and limits to coupling of pump diode light into the fiber are simultaneously considered. By plotting the lowest of these physical limits at any given combination of fiber core diameter and length it is possible to construct a 2-D contour plot illustrating the fundamental power limits of fiber lasers.
In this work we update our previous results for Yb 3+ doped silica employing the latest values and extend the work to Tm 3+ and Er 3+ doped silica fiber lasers. We also consider the impact other material choices such as YAG and phosphate glass will have on scalability of fiber lasers. The most significant obstacle to the theoretical assessment of other materials is finding a self-consistent and plausible set of material parameters. To this end, we provide a table of the parameters we employ in our assessment along with the applicable references.
The most significant obstacle to the experimental assessment of other materials is the fabrication of low loss optical fibers made from the materials. Silica fiber co-doped with Yb 3+ or Er 3+ may be fabricated with background losses in the core of <10dB/km. This enables us to ignore the impact of waveguide losses on fiber laser efficiency for fiber lasers <50m. However, optical fibers made from non-silica materials typically have significantly more loss. To this end, we provide a simple theoretical estimate for the allowed length of a fiber laser vs. laser efficiency. This permits us to assess what an alternate material system might accomplish without additional, costly development. Simultaneously, we can ignore the loss limitations and look at the theoretical contour plots of laser efficiency in order to assess whether additional investment in waveguide loss reduction of a proposed material system is worthwhile.
IMPACT OF MATERIAL CHOICE ON POWER SCALING
In this section we examine the contour plots that define the scalability of Yb 3+ , Tm 3+ and Er 3+ doped silica as well as Yb 3+ doped phosphate glass fibers and ceramic YAG based fibers.
Material constants and state of the art parameters required to assess power scaling
To assess the power scaling of a fiber laser we must first establish the material dependent physical constants needed to calculate the critical power limits as defined by the equations described our original work 1 . Some of the parameters are material independent and we leave these parameters unchanged from our original work. These parameters are the assumed coolant temperature T c (300K), the thin film convection coefficient for cooling the fibers h (10,000 W/(m2-K)), the modal overlap with the core (0.8), the portion of the amplifier gain relevant to power scaling G (10dB) and the required small signal pump absorption A laser (20dB). The remaining parameters are listed in Laser Wavelength nm 2040 [13] 1590 [7] 1053 [20] 1030 [31] 1078 [1] the minimum number suggested in the literature for this glass. Similarly the Brillouin gain coefficient for YAG could not be located and we were forced to rely upon a range based upon the potential variation in other materials and a not so reliable formula for estimating the Brillouin gain coefficient. Finally, we note that the CW laser damage fluence remains a value that is not accurately determined. For silica, we rely upon the highest values reported indirectly via high power fiber laser results from IPG Photonics. For phosphate we rely upon a literature report for a phosphate fiber laser. For YAG, we scale the unreliable silica result based upon a comparison of pulsed damage data between the two materials. In our original work, we detail all the formulae employed in the plots below. Thus it is relatively straightforward for a reader to recreate those plots of interest with variation to the chosen parameters as desired.
Yb 3+ doped silica
In the time since the publication of our original paper on scaling several new developments in power scaling have been made. First, 10kW pump sources with 5X higher brightness than previously available have come to market 12 . Second, IPG Photonics has published work 11 on 5-10kW fiber lasers with core sizes that suggest silica fiber damage thresholds may be as high as 35W/ m 2 . Further, IPG Photonics has gotten around the pump-coupling limit via a fiber laser pumped fiber laser scheme in which 1018nm Yb 3+ fiber lasers are employed to pump 1088nm Yb 3+ fiber lasers. The overall efficiency of this process is presumably significantly less than the efficiency of a single fiber laser process. Further, with the advent of ever higher diode laser brightness, we suggest that such schemes with their resulting efficiency degradations will not be needed in the long run. Thus we continue to focus our analysis on the simple diode pumped fiber laser. To this end, we present in Figure 1 the updated power scaling plots for Yb 3+ fiber lasers in the case of a broad bandwidth laser limited by Raman scattering and a single frequency laser limited by Brillouin scattering. 3+ fiber laser in the broad bandwidth case. Contour lines are in kW. In the green region the laser output power is limited by stimulated Raman scattering, in the pink region the limit is thermal lens effects in the waveguide and in the blue region the limit is pump diode brightness. Right hand side: Contour plot of scalability of a Yb 3+ fiber laser in the single frequency case. Again the contour lines are in kW and the blue and pink regions denote the same limits. In the yellow region the fiber laser output power is limited by stimulated Brillouin scattering.
As in our original work, both cases show a hard upper limit on the output power due to interaction of non-linear effects with thermal lens effects. However, the high pump brightness and higher silica damage threshold yield greater hope of reaching these limits than before as the required core diameter has shrunk to 62 m and the required fiber length has shortened considerably. In the SBS limited case, the required fiber length is <1m, suggesting the possibility of achieving nearly 2kW of single frequency output from photonic crystal rod geometry.
As before, we believe that core sizes larger than 40 m are not practical for fibers longer than 1-2m as they cannot be bent without distorting the mode of the fiber to the point that no increase in effective area is attained. To this end the power limit for a broadband fiber laser is expected to remain in the 10-15kW range for a conventional geometry.
Finally, we note that the plots in Figure 1 are for a simple step index, circular fiber geometry. Changes to the waveguide design such as depressed well designs to reduce SRS or SBS suppression schemes may increase the power levels achievable. However, we assume that such techniques would be broadly applicable to other materials as well and thus Figure 1 is a good starting point for assessing, side by side how well Yb 3+ doped silica does as a fiber laser material compared to other material systems.
Tm
3+ doped silica Tm 3+ doped fiber lasers have risen in interest within the fiber laser community recently due to the observation that it is possible to pump these lasers at 795nm and via a cross relaxation achieve a quantum efficiency greater than one 13 . This leads to a silica based fiber composition in which high power, "eye safer" laser radiation may be efficiently produced with technologically diode lasers in the 800nm range. However, even at a full two for one quantum efficiency the pump photon to laser photon energy defect is about 30%. Further, in order to achieve the desired cross relaxation the fiber doping concentration needs to be quite high. This combination may lead to more thermal issues in practice than are observed with Yb 3+ doped silica and require significant engineering development to overcome. Nonetheless, from a pure theoretical standpoint, the power scaling contour plots in Figure 2 below suggest the material is equally promising as its Yb 3+ cousin based upon the parameters listed in table 1 above. In the green region the laser output power is limited by stimulated Raman scattering, in the pink region the limit is thermal lens effects in the waveguide and in the blue region the limit is pump diode brightness. Right hand side: Contour plot of scalability of a Tm 3+ fiber laser in the single frequency case. Again the contour lines are in kW and the blue and pink regions denote the same limits. In the yellow region the fiber laser output power is limited by stimulated Brillouin scattering.
We note intriguingly that Tm 3+ and Yb 3+ have their "hard upper limit" at virtually the same value. However, this is merely a coincidence. In our original work 1 , we calculated the theoretical power limit defined by the ridge that is the intersection of the boundaries of the SRS and thermal lens region. This power limit is given by
We note that the only differences between Yb 3+ and Tm 3+ in the above equation are the operating wavelength, the laser efficiency and the heat load. At 2 m, Tm 3+ should have 2X the power of Yb
3+
, but this advantage is exactly offset by the change in the ratio of laser efficiency to the heat load. The P max equation for the SBS case is similar to the SRS.
Er 3+ doped silica
While they have not yet achieved kilowatt power levels, Er 3+ fiber laser have risen in interest recently due to the discovery of resonant cladding pumping as a practical means to eliminate the parasitic 1 m lasing that has plagued Er 3+ /Yb 3+ lasers 34 . Resonant cladding pumping at wavelengths longer than 1480nm also has the highly beneficial effect of reducing the quantum defect of the Er 3+ laser system quite significantly. Thus, as can be seen from Figure 3 below, Core diameter, urn Er 3+ fiber lasers have the theoretical capability to scale to power levels about 1.5X higher than Yb 3+ doped silica fiber lasers. This is consistent with the P max equation from the section above on Tm 3+ . Figure 3 : Left hand side: Contour plot of scalability of an Er 3+ fiber laser in the broad bandwidth case. Contour lines are in kW. In the green region the laser output power is limited by stimulated Raman scattering, in the pink region the limit is thermal lens effects in the waveguide and in the blue region the limit is pump diode brightness. Right hand side: Contour plot of scalability of a Er 3+ fiber laser in the single frequency case. Again the contour lines are in kW and the blue and pink regions denote the same limits. In the yellow region the fiber laser output power is limited by stimulated Brillouin scattering. The purple region at the very bottom of the plot suggests the power is limited by thermal rupture. However, the real issue is that the dopant is so low the required absorption cannot be achieved in these lengths even with direct core pumping.
We note that a small region of the SBS plot for Erbium shows a thermal rupture effect. This is not real. For very short lengths of Erbium (<1m) 20dB of pump absorption cannot be achieved even with direct core pumping as the assumed dopant concentration is <20dB/m. In our original work we showed that requiring 20dB of absorption of the pump from the cladding creates a relationship between the cladding diameter, the core diameter, the core dopant concentration and the fiber length. We employ this relationship to eliminate the cladding diameter from our analysis. However, that relationship in the case of the small core absorptions or very short lengths leads to calculations of cladding diameters smaller than the core diameter. This is not physical. The rupture equation gives a negative power limit in this case, making it the limiting power. It is actually an indication that we cannot make an efficient laser at lengths this short and thus this region should be ignored in the plot.
From Figure 3 , Er 3+ appears quite promising as a fiber laser material with a 50% higher maximum power limit than the Tm 3+ and Yb 3+ cases. However, the current limited diode laser brightness and core doping limitations prevent the realization of high power devices due to the requirement of core sizes >>50 m. Significant material advances allowing doping concentrations 10X higher than presently available with good efficiency and higher brightness diode lasers in the 1450-1550 nm range would be enabling for this materials composition.
Yb 3+ doped phosphate
Phosphate is an intriguing alternative to silica as a fiber laser material. Rare earth doped phosphates have been well studied as laser materials and are employed in the world's highest energy laser systems such as NIF, Omega and LMJ. Rare earths are much more easily dissolved in phosphate glasses than in silica glasses, leading to much stronger absorptions and the potential for shorter fiber lasers. This could be quite promising from a pulsed laser standpoint. However, currently there is only one source of commercial fiber lasers based upon phosphate glass fibers and based upon recent literature reports, these fibers have high background losses severely limiting the fiber lengths 8 . We were unable to firmly establish the Raman gain coefficient from the literature. Thus it is hard to pin down a firm set of values for the scalability of a broadband phosphate fiber laser. We show two plots for the case of the highest possible Raman gain coefficient (established by bounding via reports of pulsed amplifier results) and the lowest estimated limit. In the green region the laser output power is limited by stimulated Raman scattering, in the pink region the limit is thermal lens effects in the waveguide, the small blue region the limit is pump diode brightness, the gray region is limited by damage and the orange region is limited by melting of the core. Right hand side: Contour plot of scalability of an Yb 3+ phosphate fiber laser in the broad bandwidth case with g R =0.5X10 -13 m/W. Again the contour lines are in kW and the colors denote the same limits.
We see that even in the case of a Raman gain coefficient of the silica Raman gain, the upper limit on power is only the silica case. This is due to phosphate's poor performance as a thermal conductor and relatively low reported CW damage threshold. The SBS limited case is similar in that the maximum power is about that of Yb 3+ doped silica. The one thing we do note about this material that is promising is that its dn/dT is negative. Thus one might conceive of a case where one started with a waveguide that was slightly multimode and as the material becomes hot, its NA drops improving the laser beam quality. In this case, the material could be more promising. For this to be the case, the Raman gain coefficient would need to be known better than it is now (and come in closer to the right hand picture than the left), the material would need to be improved from a background loss perspective (see next section) and the damage threshold would need to be better than what is currently reported in the literature. This latter event would be possible only if the current CW damage threshold could be improved with better material processing.
Yb 3+ doped single crystal or ceramic YAG
Given that poor thermal conductivity and low damage threshold appears to be the primary weakness of the phosphate materials, it is appropriate that the last material in our analysis is YAG with a thermal conductivity 10X higher than silica and a similar expected damage threshold. In Figure 5 below, we plot the power scaling limits of Yb 3+ : YAG. We note that while the thermal conductivity of YAG is 10X higher than silica, so is the Raman gain coefficient. Thus the end result of the intersection of the SRS and thermal lens regions again yields a number near 33kW (the poorer efficiency of YAG yields slightly less power). However, the Raman gain in YAG is much higher than silica in part because the linewidth of the Raman gain is much narrower (270GHz or ~0.9nm) thus it is conceivable that this limit could be overcome by line broadening the laser to 10nm. In this case the right hand contour plot dominates and up to 114kW of laser power would possible providing the core size and laser lengths could be achieved, both of which are unlikely. As noted above the SBS limit is poorly known. Figure 6 below is a contour plot for the highest value of the SBS coefficient g B =5X10 -12 m/W. In the best case scenario, the lowest value is irrelevant as the power becomes limited by the bandwidth broadened SRS case in the right hand side of Figure 5 above. In the yellow region the laser output power is limited by stimulated Brillouin scattering, in the pink region the limit is thermal lens effects in the waveguide, the blue region the limit is pump diode brightness and the gray region is damage limited.
The maximum laser power in this case is 16.9 kW, which is >9X the maximum expected power in the Yb 3+ doped silica fiber case. Given the short lengths involved in Figure 6 above, it is not completely improbable that a 1m YAG rod with the correct core diameter could be fabricated and achieve a favorable output power compared to single frequency Yb 3+ doped silica fiber amplifier.
IMPACT OF BACKGROUND LOSS ON POWER SCALING
Silica optical fibers have benefited greatly from decades of intensive development funded by the telecommunications industry. Thus production of silica optical fibers with losses <1dB/km in the 1 m range and <0.2dB/km in the 1.55 m range are common 33 . Further, the addition of a rare earth dopant and associated co-dopants such as Aluminum typically do not raise the background loss of the fibers above 10dB/km (a really bad loss by silica fiber standards). However, reports from other fiber lasers such as phosphate 8 and YAG 9, 10 suggest these less developed material systems show waveguide losses from 3dB/m to several dB/cm! It may be possible with sufficient materials development to overcome these losses. In the meantime, however, losses of this magnitude will have a significant impact on the laser efficiency and require strict limits on the fiber laser length. We estimate the maximum allowable length for a given loss and allowed efficiency reduction in section 3.1 below. We then return to the plots for Yb 3+ doped phosphate (section 3.2) and YAG (section 3.3) and plot line outs of the power attainable at the maximum fiber length as a function of core diameter. This permits us to assess the maximum power achievable today from these material systems. 
where P in is the input power to the amplifier. The output power P out at the end of the amplifier of length L is
At any point in the amplifier the power per unit length that lost by scattering or absorption, P lost (z) can be calculated from
where P(z) is given by Eq. 1 above. Equation 3 can be integrated over the amplifier length to find the total lost power in the amplifier yielding
The fraction of the laser amplifier power that is lost is given by the ratio of the lost power to the total power that would have been generated by the amplifier.
where lost directly subtracts from the overall efficiency. Recall in our original work, we argued that the relevant gain for a high power fiber amplifier, G, is 10dB as the last 10dB of amplifier gain is where most of the power is extracted and where high efficiency is particularly important. The net gain coefficient per unit length G net is then
and G + =G net +G -. Substituting this and Eq. 6 back into equation 5, we can solve for the maximum fiber length allowed for a given background loss and allowed efficiency.
In Figure 7 , below we plot L max vs. background loss coefficient G-for G=10dB and loss from 10-50%. We see that for silica fiber background losses of 10dB/km or 0.01dB/m, a 100m long amplifier would result in only a 10% reduction in system efficiency. However, for a 3dB/m phosphate fiber 8 , a 10% efficiency reduction occurs at 0.5m and a 1m long fiber will suffer ~25% reduction in efficiency. For materials that have losses higher than phosphate, the maximum realistic fiber length quickly drops into the few cm realm at which point we do not really see the advantage of a fiber geometry.
Yb 3+ doped phosphate
Existing literature reports suggest that the loss in current state-of-the-art Yb 3+ doped phosphate fibers is around 3dB/m with approximately 2dB/m of absorption losses and 1dB/m of scattering losses. The 1dB/m scattering loss is concerning from an efficiency standpoint, but otherwise unremarkable. The 2dB/m of absorption loss may lead to a significantly higher than expected thermal load. To this end, we would like the fiber to be as short as possible to minimize the amount of power converted to heat. Based upon Figure 7 , we suggest looking at a 0.5m (10% efficiency reduction) and 1.0m case (25% efficiency reduction). We will look only at the case of g R =0.5X10 -13 m/W, the higher Raman gain case will only be worse. In Figure 8 below, we generate lineouts from the contour plots of Figure 4 at the 0.5m and 1.0m cases. The plot above shows three distinct regions. Below 10 m core diameter we see the pump coupling region, where power is growing with core diameter as we can absorb more pump light from diodes of finite brightness. Between 10 m and 40 m, the output power is limited by thermal melting of the core. At core diameters above 40 m the power decreases with increasing core diameter due to thermal lens effects. Based upon the blue and green lines, the power is scaling roughly linearly with fiber length. While the contour plots suggest a low loss phosphate fiber may be capable of as much as 19kW, it is clear from Figure y above that present phosphate fibers will struggle to reach even 1kW with their high background losses.
Yb 3+ doped single crystal or ceramic YAG
Reports in the literature of loss in attempts to make ceramic YAG fibers are high enough to make them impractical in the current incarnation. For these fibers to be practical, they would need to be much, much lower. However, there is an additional constraint on the fiber length in that YAG is not a glass and likely cannot be bent. To this end, we restrict the fiber length to 1m and look at lineouts assuming the loss of a YAG fiber can be lowered to at least 1-2dB/m. Examination of the contour plots in Figures 5 and 6 suggests that at 1m the relevant limits are damage and thermal lens effects in all but the case of the highest SBS gain. In that case, the relevant limit is SBS and thermal lens effects. Figure  9 below is a line out for the highest SBS limited gain at 1m and for the damage-thermal lens limited cases from the other contour plots. While this line-out does not suggest higher broadband power than is available from a silica optical fiber, it certainly suggests that a low loss ceramic YAG fiber might perform considerably better in the single frequency limited case that Yb 3+ doped silica. This is true even if we assume the worst-case expected SBS gain for YAG.
SUMMARY
We have applied our previous analysis for Yb 3+ doped silica fiber to other materials, particularly phosphate doped glasses, ceramic YAG fibers and Tm 3+ and Er 3+ doped fibers. All of these materials would require significant materials development to compete with Yb 3+ doped silica in output power. Er 3+ is perhaps the closest in terms of materials development, but has only 50% more potential power. However, Er 3+ is at an eye safe wavelength, which may make it worth pursuing for that reason alone. Phosphate may be a promising material if the damage threshold of a pure material is higher than the current samples and the fibers could be fabricated with low background loss. YAG fibers could be very promising for single frequency based fiber lasers as it appears 18kW single frequency devices may be possible.
